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ABSTRACT: Chemotherapy is widely recognized as an important
approach for the treatment of cholangiocarcinoma. Gemcitabine
(GEM) has been considered a first-line drug for treating
cholangiocarcinoma due to its ability to effectively inhibit the
proliferation, migration, and invasion of liver cancer cells. However,
the systemic toxicity, premature degradation, and lack of tumor-
targeting properties of GEM limit its application in cholangiocarci-
noma chemotherapy. Additionally, precise targeted delivery of
GEM is necessary to align with the current concept of precision
medicine. In this study, considering the overexpression of
hyaluronic acid (HA) receptors (CD44) on cholangiocarcinoma
cells, we designed GEM@ZIF-67-HA NPs by loading GEM onto
ZIF-67 and modifying its surface with HA. The structure, size, morphology, and elemental composition of GEM@ZIF-67-HA were
analyzed using transmission electron microscopy, Fourier transform infrared spectroscopy, ¢-potential, and isothermal adsorption.
Cell toxicity experiments demonstrated that GEM@ZIF-67-HA NPs not only reduced cytotoxicity to normal cells but also effectively
inhibited the viability of two types of cholangiocarcinoma tumor cells. In a subcutaneous tumor model, GEM@ZIF-67-HA
significantly suppressed tumor growth. The tumor-targeting and controllable properties of GEM@ZIF-67-HA NPs hold promise for
further development in the strategy of precise targeted therapy for cholangiocarcinoma.
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1. INTRODUCTION

Cholangiocarcinoma (CCA) is a common malignant tumor
with a relatively low incidence rate in Europe and America but
showing an increasing trend in China and Southeast Asia.
However, the overall treatment level for CCA remains highly
limited, and there is currently no ideal treatment method. Due
to the late onset of clinical symptoms, early diagnosis is
challenging. Moreover, CCA is anatomically located in a
unique position and exhibits characteristics of infiltrating
surrounding tissues, blood vessels, and nerves, resulting in a
low feasibility of surgical resection, with only about 15—20% of
cases eligible for surgical removal. The prognosis for
cholangiocarcinoma is also very poor, with an average survival
period of only 6 to 12 months." In recent years, the incidence
and mortality rates of CCA have been continuously increasing,
highlighting the urgent need to develop more treatment
methods to address this challenge.

Gemcitabine (GEM) is a deoxycytidine analogue that
inhibits the synthesis of cellular DNA, thereby exhibiting
antitumor effects. After entering the cell, gemcitabine can
inhibit the elongation of DNA chains, leading to DNA
breakage and cell apoptosis. It is widely used in the treatment
of various malignant tumors.”> GEM alone or in combination
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with cisplatin or doxorubicin has been reported as standard
chemotherapy for advanced CCA patients.”” However, due to
the significant resistance of CCA to traditional chemotherapy
drugs, the prognosis for patients is poor. CCA exhibits drug
resistance to treatment. Furthermore, increasing the dosage of
chemotherapy drugs often fails to achieve satisfactory results
and frequently leads to severe complications, including bone
marrow suppression, neutropenia, leukopenia, and thrombo-
cytopenia.’™" This highlights the necessity of developing new
treatment methods. To overcome the limitations of traditional
treatment approaches, the development of nanoparticle (NP)-
mediated drug delivery systems and novel drugs is needed.”” "'

In the case of CCA patients, researchers are gradually
focusing on more targeted and safer drugs, as well as
comprehensive treatment methods such as biological and
gene therapies.12 Metal—organic frameworks (MOFs) have
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Figure 1. Schematic illustration of preparation of GEM@ZIF-67-HA NPs for treating cholangiocarcinoma.

been widely used in the field of drug delivery due to their ease
of functionalization, tunable pore sizes, and flexible composi-
tions. This is because MOFs can control particle size, surface
chemistry, and internal porosity, enabling the design of
complex materials based on MOFs. By adjusting the
connectivity and pore size, MOFs with hydrophobic or
hydrophilic properties can be designed to meet the specific
physicochemical requirements of drugs or medical applica-
tions. However, there are currently some issues with drug
delivery systems, including uncontrolled drug release, toxicity,
and biocompatibility.'">'" Zeolitic imidazolate frameworks
(ZIFs) are nanostructures with high adsorption capacity,
controlled diffusion mechanisms, and thermal stability."
Among them, ZIF-67, composed of a highly porous MOF
with Co®" and the organic linker 2-methylimidazole, has been
extensively studied and considered an ideal candidate material
in various fields. Compared to other nanocarriers, ZIF-67
offers higher pore volume and surface area, enhancing its
ability as a drug carrier and resulting in more significant
therapeutic effects.'>'”

Hyaluronic acid (HA) is a biodegradable, biocompatible,
and nonimmunogenic glycosaminoglycan. As a major
component of the extracellular matrix, HA has been extensively
studied in biomedical and pharmaceutical applications. In
particular, researchers have focused on utilizing HA as a
targeting moiety in cancer therapy, as many types of tumor
cells overexpress HA receptors, such as CD44."%" Due to its

multiple functional groups, HA can be chemically conjugated
with anticancer drugs or nanocarriers for drugs/genes. HA-
modified drug/nanocarrier systems have been developed to
enhance the accumulation of drugs/cargos in cancer cells with
high expression levels. In addition to its targeting functionality,
HA-modified delivery systems can also enter cells more
effectively through HA receptor-mediated endocytosis.”’™>*
Therefore, leveraging the CD44-HA-specific affinity has
emerged as an attractive strategy for tumor-targeted therapy.

In this study, we proposed a method for the synthesis and
characterization of GEM @ZIF-67-HA, where ZIF-67 NPs
were functionalized with a combination of GEM chemotherapy
drug and HA-specific ligand as a complex for targeted therapy
to enhance the treatment efficacy for CCA (Figure 1). This
strategy may represent a novel and effective treatment
approach for CCA.

2. MATERIALS AND METHODS

2.1. Synthesis of ZIF-67. To synthesize ZIF-67,”
Co(NO;),-6H,0 (500 mg) was dissolved in 3 mL of distilled
water, followed by the dissolution of 2-methylimidazole (6 g)
in 25 mL of distilled water. The two solutions were mixed and
vigorously stirred for 6 h at room temperature. The resulting
mixture was then centrifuged at 10000 rpm for 10 min to
collect the purple precipitate. The precipitate was subsequently
washed three times with distilled water and methanol. After
drying at 80 °C for 24 h, the ZIF-67 NPs were ready for use.
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Figure 2. (A) Transmission electron micrograph and element mapping of GEM@ZIF-67-HA NPs. (B) Isothermal adsorption isotherm of GEM@
ZIF-67-HA NPs. (C) FTIR spectrum of GEM@ZIF-67-HA NPs. (D) Particle size analysis of ZIF-67 NPs and GEM@ZIF-67-HA NPs. Scale bar =

100 nm.

2.2. Synthesis of GEM@ZIF-67-HA. First, about 50 mg of
ZIF-67 powder was dehydrated under dynamic vacuum
conditions overnight. Then, it was dissolved in 2 mL of
GEM solution with a concentration of 2 mg per mL, which was
prepared using deionized water. According to this ratio,
theoretically, there is 2 mg of GEM in every 50 mL of ZIF-67.
After stirring at room temperature for 1 h, the sample was
centrifuged at 9000 rpm for 30 min. To remove any solvent,
the sample was subjected to freeze-drying treatment. Next, 1.5
mg of HA was dissolved in 20 mL of deionized water
containing 15 mg of GEM @ZIF-67-HA NPs. Then, the
solution was stirred vigorously in the dark at room temperature
for 24 h. Subsequently, the precipitate was separated by
centrifugation and washed with deionized water at least 3 times
to obtain the GEM @ZIF-67-HA NPs product.

2.3. Characterization. A range of characterization
methods were utilized. Transmission electron microscopy
(Talos F200C, Thermo Scientific) was employed to observe
the morphology of GEM @ZIF-67-HA and confirm the
successful loading of GEM into ZIF-67. Fourier transform
infrared (FTIR) spectra were recorded using an FT/IR-4700
FTIR spectrometer (JASCO). Dynamic light scattering (DLS)
(Malvern Zetasizer Nano-ZS90) was utilized to observe the
particle size and {-potential of the GEM @ZIF-67-HA NPs.

2.4. Experimental Study on the Stability of GEM@ZIF-
67-HA NPs. GEM@ZIF-67-HA NPs were diluted to a
concentration of 0.1 mg/mL using PBS (pH = 7.4) buffer
and 5% FBS-DMEM medium, respectively. The particle size
was measured at 1, 2, 3, 4, 5, 6, and 7 days using a Malvern
Zetasizer nanoparticle analyzer. Three readings were taken for
each sample, and the average value was recorded as the result.

2.5. Release Studies of GEM from GEM@ZIF-67-HA.
The 20 mg GEM@ZIF-67-HA NPs were uniformly dispersed
in phosphate buffer solutions with different pH values (pH =
7.4, 6.5, 5.5). Then, the samples were centrifuged at specific
time points (0, 2, 4, 6, 12, 18, 24 h), and the supernatant was
collected for UV—vis analysis, and the cumulative release rate
of GEM was calculated by equation.

2.6. Western Blotting Assay. Western blot is used to
detect the expression of CD44 protein in cells. Cells are
collected and lysed on ice for 30 min using RIPA buffer
containing a protease inhibitor. The total protein is quantified
according to the instructions of the BCA protein concentration
determination kit. Protein samples are separated by gel
electrophoresis and transferred onto a PVDF membrane.
The membrane is then blocked in 5% BSA for 1 h and
incubated overnight at 4 °C with the primary antibody against
CD44 (1:1000). Subsequently, the membrane is incubated
with the secondary antibody (1:5000) at room temperature for
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Figure 3. (A) Size variation of GEM@ZIF-67-HA NPs in PBS and 5% FBS-DMEM. (B) Cumulative GEM release from GEM@ZIF-67-HA NPs.

2 h, and the intensity of the bands is detected using a
chemiluminescent substrate.

2.7. Cellular Uptake. QBC939 cells and HIBEC cells were
seeded in a 6-well culture plate (5 X 10° cells/well). After
incubation for 24 h, the cells were washed twice with PBS and
then treated with 20 pg/2 mL of Cy3-labeled GEM@ZIF-67-
HA for 4 h. After that, the cells were washed twice with PBS to
remove residual NPs and dead cells. The cells were then
treated with 4% paraformaldehyde fixative solution for 30 min
and stained with DAPI for 10 min to visualize the cell nuclei.
Finally, the cells were observed under a confocal microscope.

2.8. Cytotoxicity Assay. The cell viability of HIBEC cells
and QBC939 cells incubated with different concentrations of
ZIF-67, GEM, GEM@ZIF-67, and GEM@ZIF-67-HA was
measured using the cell counting kit-8 (CCK-8, Beyotime,
China) according to the manufacturer’s instructions. First, 100
UL of cell suspension (3 X 10* cells/mL) was seeded into 96-
well plates and incubated with different concentrations of ZIF-
67, GEM, GEM@ZIF-67, and GEM@ZIF-67-HA at 37 °C for
48 h. Then, CCK-8 reagent (10 uL) was added to each well,
and the mixture was further incubated at 37 °C for an
additional 1 h. The absorbance of the mixture at 450 nm was
recorded, and the cell viability was calculated.

2.9. Establishment of Tumor Models. All experimental
procedures and protocols were conducted in accordance with
the guidelines of our institutional Animal Care and Use
Committee, which were approved by the Department of
Experimental Animal Science. Female BALB/c nude mice (6
weeks old, 18—20 g) were used for the experiments and
housed in groups of S mice per cage under specific pathogen-
free conditions (22 + 2 °C, S5 + 10% humidity, 12 h—12 h
light—dark cycle). A total of 1 X 107 QBC939 cells were
inoculated on the right dorsal side of the mice. When the
tumor volume reached approximately 80 mm?®, 100 uL of free
GEM group or GEM@ZIF-67-HA NPs was injected intra-
venously at a dose of 0.5 mg/kg. Tumor size was measured
every 3 days, and no mice were excluded from the study.

Equation 1 was used to calculate the tumor volume.

tumor volume = (S* x L)/2

(1)

where “S” and “L”, respectively, represent the short axis and
long axis of the tumor nodule.

2.10. Statistical Analysis. The statistical analysis was
conducted using SPSS 24.0 software. The data were expressed
as mean + standard deviation (SD). The Student’s t test was
used for comparisons between two groups, while one-way
analysis of variance (ANOVA) was used for comparisons
between three or more groups. A value of P < 0.05 was

12001

considered statistically significant to indicate the presence of
significant differences.

3. RESULTS AND DISCUSSION

3.1. Characterization and Performance Analysis of
GEM@ZIF-67-HA NPs. After the synthesis of GEM@ZIF-67-
HA NPs, we employed multiple techniques to assess their
structure and properties. First, through the observation of
TEM, we were able to determine the elemental composition
and distribution of GEM@ZIF-67-HA NPs. Figure 2A displays
representative TEM images of GEM@ZIF-67-HA NPs, which
indicate good dispersion and morphology. Furthermore, we
investigated the porous structure of GEM@ZIF-67-HA NPs
using the isothermal adsorption method. Figure 2B illustrates
the typical Type I isotherm of GEM@ZIF-67-HA NPs,
indicating their mesoporous characteristics. This porous
structure is crucial for drug loading and release, as it provides
a larger surface area and improved drug diffusion properties.
To evaluate the surface modification of GEM@ZIF-67-HA
NPs, FTIR was employed, Figure 2C. In the spectrum, several
characteristic peaks are observed. The peak at 138 cm™'
corresponds to the C—N stretching mode of 2-methylimida-
zole, the peak at 3326 cm™ is associated with the N—H
stretching vibration of GEM@ZIF-67, and the peak at 734
cm™' is related to the C—H bending vibrations. These peaks
indicate the surface modification of ZIF-67 and the loading of
GEM. Moreover, the particle size of ZIF-67 NPs has significant
implications for their biomedical applications. Smaller ZIF-67
NPs can more easily penetrate cell membranes, facilitating
improved drug delivery. Through particle size analysis, we
determined that the average particle size of prepared ZIF-67
NPs is approximately 69.7 nm. After loading GEM and surface
modification with HA, the average volume of GEM@ZIF-67-
HA increased to 103.6 nm, with a dispersity index of 0.14S
Figure 2D. These findings provide foundational data for further
research and application of GEM@ZIF-67-HA NPs in drug
delivery.

3.2. pH-Responsive Release of GEM from GEM@ZIF-
67-HA NPs. The stability experiment of GEM@ZIF-67-HA
NPs showed that there was no significant change in the particle
size over time in PBS or 5% FBS-DMEM medium, indicating
the prepared nanoparticles possess good stability (Figure 3A).
ZIFs are a subclass of metal—organic framework MOF
materials composed of transition-metal ions and nitrogen-
containing heterocyclic imidazole or purine organic ligands.
ZIFs exhibit high porosity, relatively low cytotoxicity, and
instability under acidic conditions.”* Zhang et al. utilized pH-
sensitive material ZIF-67 as a carrier to construct a pH-
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Figure S. Viability of (A) QBC939 cells and (B) HIBEC cells determined by CCK-8 assay after incubation with ZIF-67, free GEM, GEM@ZIF-67,

and GEM@ZIF-67-HA.

responsive nitrile imine nanodelivery system for intelligent and
precise control of citrus gray mold disease.”> Therefore, it is
worthwhile to investigate the specific release behavior of GEM
by constructing a pH-responsive delivery system based on ZIF-
67. Due to its pH-sensitive dissolution properties, ZIF-67 has
been applied in pH-controlled drug release systems.”**” This
study aimed to determine whether GEM@ZIF-67-HA NPs
exhibit pH-responsive release of GEM. The pH in tumor tissue
(5.5—6.0) is usually lower than the pH in normal tissue (7.4).
As shown in Figure 3B, compared to the total GEM release of
approximately 16.1% at pH 7.4, GEM@ZIF-67-HA NPs
released up to 57.3% of GEM at pH 6.0, and 78.1% of GEM
at pH 5.0. Thus, the anticancer drug GEM loaded in GEM@
ZIF-67-HA NPs can exhibit pH-responsive release, specifically
in the tumor tissue region of CCA.

3.3. In Vitro Tumor Cells Internalization. CD44, a
transmembrane glycoprotein, is highly expressed in CCA cells.
Studies have demonstrated that CD44 plays a critical role in
the occurrence and progression of CCA.”*7*° It regulates
various biological behaviors of tumor cells, including
proliferation, migration, and invasion, and is involved in the
formation and modulation of the tumor microenvironment.
Hence, CD44 has emerged as a potential target for the

12002

diagnosis and treatment of CCA, and it can be utilized in
research related to targeted therapy and immunotherapy.’’
First, we measured the protein and mRNA expression levels of
endogenous CD44 in CCA cell line QBC939 and the normal
biliary epithelial cell line HIBEC (Figure 4A,4B). As expected,
we observed significantly higher expression levels of CD44 in
QBC939 cells compared to HIBEC cells, indicating the
potential of CD44 as a targeting molecule. To evaluate the
feasibility of targeted delivery using GEM@ZIF-67-HA NPs,
we performed a cellular uptake study using Cy3-labeled
GEM@ZIF-67-HA in QBC939 and HIBEC cells. As shown in
Figure 4C, after coincubation of GEM@ZIF-67-HA with
QBC939 cells for 4 h, we observed red fluorescence inside the
cells, with significantly higher fluorescence intensity compared
to HIBEC cells. This indicates the highly specific CD44
receptor binding capability of GEM@ZIF-67-HA NPs and
their internalization through receptor-mediated endocytosis.
Therefore, GEM@ZIF-67-HA NPs can accurately transport
drugs into QBC939 cells and effectively enhance drug
accumulation within the cells.

3.4. Cytotoxicity Assay. After verification, we found that
GEM@ZIF-67-HA exhibits targeted effects on CCA cells. To
evaluate the cytotoxicity of ZIF-67, GEM, GEM@ZIF-67, and
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GEM@ZIF-67-HA at different concentrations on QBC939
and HIBEC cells, we conducted CCK-8 assays (Figure SA,5B).
Compared to the control group, we observed minimal effects
of ZIF-67 on both QBC939 and HIBEC cells at a
concentration of 50 pg/mL, with reductions of 3.12 and
4.98%, respectively. In comparison to the free GEM group, our
research results showed a slight increase in cytotoxicity of
GEM@ZIF-67 on QBC939 cells by 1.78% (P = 0.44), while a
slight decrease in cytotoxicity was observed on HIBEC cells (P
= 0.65). Furthermore, our cytotoxicity experiments revealed
differences between GEM@ZIF-67 and GEM@ZIF-67-HA.
The results showed that GEM@ZIF-67-HA significantly
enhanced cytotoxicity on CCA cells at a concentration of 50
pug/mL, with a 21.3% higher cytotoxicity on QBC939 cells
compared to the GEM@ZIF-67 group, while no significant
difference was observed on HIBEC cells, with over 80% of
HIBEC cells remaining viable. The above results indicate that
GEM@ZIF-67-HA NPs have a significant inhibitory effect on
tumor cells and low toxicity to normal cells. It has broad
prospects for application in the treatment of CCA.

3.5. In Vivo Anticancer Assay. Inspired by the
effectiveness of GEM@ZIF-67-HA in our in vitro studies, we
further investigated the therapeutic potential of GEM@ZIF-
67-HA for CCA in vivo through intravenous administration.
To validate the efficacy of GEM@ZIF-67-HA in vivo for CCA,
QBC939 cells were transplanted into BALB/c nude mice. The
relative changes in tumor size and weight indicate the efficacy
of different treatment strategies. The tumor formation rate in
the free-GEM group was significantly faster than that in the
GEM@ZIF-67-HA group (Figure 6A,B). After 14 days of
injection, the tumor size and volume in the free-GEM group
were significantly increased compared to the GEM@ZIF-67-
HA group (Figure 6C,D). Overall, these results indicate that
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GEM@ZIF-67-HA significantly inhibits the proliferative
capacity of cholangiocarcinoma cells in tumor-bearing mice.

4. CONCLUSIONS

In summary, we successfully prepared GEM@ZIF-67-HA NPs
and applied them in the treatment strategy for CCA. The
presence of HA in the system resulted in good tumor cell
targeting. Due to the high storage capacity and pH
responsiveness of ZIF-67, the drug loading efficiency of
GEM was 16.5 wt %, and GEM@ZIF-67-HA released 78.1%
of GEM at pH 5.5. In in vivo experiments, compared to the
free-GEM group, GEM@ZIF-67-HA significantly suppressed
the growth of CCA in mice. These results suggest that the
prepared GEM@ZIF-67-HA NPs, which possess targeted
delivery and pH-responsive release of GEM, are a promising
approach for the treatment of CCA. We anticipate that further
clinical efficacy evaluation and appropriate structural mod-
ifications of GEM@ZIF-67-HA will provide more valuable
insights into the therapeutic potential of GEM for CCA.
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